We found the presence of DNA sequence which shows sequence similarity to the class IV chitin synthase gene (CHS3) of Saccharomyces cerevisiae in the genome of 14 Rhizopus species which belong to zygomycetes. We cloned a gene (chs3), which might correspond to one of these homologous sequences, from Rhizopus oligosporus by low stringency plaque hybridization probed with CHS3. The deduced amino acid sequence of this gene showed highest similarity to the class IV chitin synthase of Neurospora crassa (46.7% identity over 1087 amino acids), showing that this gene encodes a class IV chitin synthase. Northern analysis revealed the differential expression pattern of this gene in the asexual life cycle with highest expression in the early stage of asexual spore formation. This is the first report of the isolation and analysis of a class IV chitin synthase gene from zygomycete fungi. z
Introduction
The organisms of the fungal kingdom possess chitinous cell walls [1] . Proper regulation of chitin metabolism is important for growth and di¡erentiation in the fungi, and the role of chitin synthases in ascomycetes and basidiomycetes fungi have been analyzed extensively [2^12] .
Molecular studies have revealed that zygomycetes appear to be a basal group within the fungi, and that ascomycetes and basidiomycetes are a derived monophyletic group. The cell walls of zygomycetes contain a unique set of the major components, chitin and its deacetylated product, chitosan [1] . Analysis of the chitin synthase function in zygomycetes will help to elucidate conserved and speci¢c roles of fungal chitin synthases in the life cycle. Fungal chitin synthases can be classi¢ed into at least ¢ve classes (designated I^V) by sequence similarity [7, 10, 13] . Because the class IV chitin synthase (Chs3) is required for the synthesis of most of the cellular chitin in a ascomycetes yeast Saccharomyces cerevisiae [2] , it was speculated that the class IV chi-tin synthase may have important role in zygomycetes that have chitin as a major cell wall component. However, no gene encoding class IV chitin synthase has been isolated from zygomycetes fungi thus far.
In this report, we sought the class IV chitin synthase genes in a Rhizopus species that belongs to zygomycetes, cloned and sequenced a class IV gene from Rhizopus oligosporus, and analyzed its expression pattern.
Materials and methods

Strains
Escherichia coli MV1190 [14] was used to propagate plasmids. Rhizopus strains used are shown in Table 1 . Rhizopus strains were grown in PD medium (2.4% potato dextrose, Difco) at 30³C, unless speci¢ed otherwise. Aspergillus nidulans FGSC89 strain (argB2 biA1, Fungal Genetics Stock Center, Kansas City, USA) was grown in the complete medium [15] at 37³C. 1.5% agar was used to solidify media.
Plasmid constructions
The 3.8-kb SalI^EcoRI fragment derived from pUC-CAL1 [16] containing the DNA region from 198-bp downstream of the translational start site of CHS3 of S. cerevisiae to 468-bp downstream of the stop codon and 19 bp-fragment derived from the vector and PCR primers was ligated with SalI-and EcoRI-digested and bacterial alkaline phosphatasetreated pYPR3831 [17] to yield pGLCS3. DNA fragments from the positive phage clone were subcloned into the multiple cloning site of pUC118 or pUC119 [14] . 6.0 kb XbaI fragment containing entire coding region of chs3 of R. oligosporus was cloned from the phage clone into pUC119 and designated pRCS3-Xb6K.
Southern analysis
Total DNAs of Rhizopus species and of A. nidulans were extracted as described previously [18, 19] . DNA was separated by electrophoresis on agarose gels and transferred onto Hybond-N (Amersham, Buckinghamshire, UK). Hybridization with QP P-labeled random-primed probes was done by the procedure recommended by the membrane manufacturer. Low-stringency hybridization was done at 56³C. Washing of membranes was done using a solution that contained 2USSC and 0.1% SDS for 30 min 3 times at 56³C. High-stringency hybridization was done at 65³C. Washing was done using 2USSC and 0.1% SDS for 10 min twice at room temperature, 1USSC and 0.1% SDS for 15 min at 65³C, and 0.1USSC and 0.1% SDS for 10 min twice at 65³C. The probe used for low-and high-stringency hybridization (Fig. 3 ) was prepared by PCR using primers, R3-5P (5P-ATGAGTCAAGATAAC-CCAAAGAC-3P) and R3-3P (5P-TTATTTGGGTC-CATAATAGACGC-3P). The PCR ampli¢ed fragment contained exactly the entire coding region of chs3 of R. oligosporus.
DNA sequencing
The pUC118 or pUC119 subclones were constructed by a deletion kit (Takara Shuzo, Kyoto, Japan) or by restriction enzyme digestion. The reactions were done using the Applied Biosystems Cycle DNA Sequencing kit. Analyses of reaction products were done using a DNA sequencer (Model 373A, Applied Biosystems, Foster City, USA). 
Northern analysis
Preparation and analysis of RNA by Northern analysis were done as described previously [16] .
Results and discussion
CHS3-related sequences in Rhizopus species
Low stringency Southern analysis probed with the 3.8-kb SalI^EcoRI fragment from pGLCS3 containing CHS3 of S. cerevisiae revealed the presence of multiple CHS3-related sequences in the HindIII-digested genomic DNAs of 14 Rhizopus species (Fig. 1,  lane 1^14) . Rhizopus species can be classi¢ed into three groups, R. stolonifer, R. oryzae, and R. microsporus groups [20, 21] . The group to which each strain belongs is shown in Table 1 . The RFLP (restriction fragment length polymorphism) patterns support the close relationship among R. microsporus group (Fig. 1, lanes 5^14 ) excepting two strains, R. microsporus CBS700.68 and R. chinensis IFO4768 (Fig. 1, lanes 6 and 13) .
The presence of multiple CHS3-related fragments (four to eleven) is not a universal phenomenon among fungi because only one hybridizing sequence was detected in the ascomycete A. nidulans (Fig. 1,  lane 15) . Furthermore, no instances of multiple class IV chitin synthase genes have been detected in any ascomycete [2, 6, 7, 9, 10] .
Cloning and sequencing of a CHS3 homolog from R. oligosporus IFO8631
To determine whether the CHS3-hybridizing sequences, detected by the low-stringency Southern analysis, actually code for chitin synthase homologs, we cloned a gene corresponding to a positive signal from R. oligosporus IFO8631. In the case of R. oligosporus IFO8631, eleven CHS3-hybridizing bands were observed. The sizes of them were 8.9, 8.2, 7.4, 6.8, 5.0, 4.0, 2.9, 2.7, 2.3, 2.1, and 0.85 kb (Fig. 1,  lane 5) . When Southern analysis was done under low stringent condition using CHS2 of S. cerevisiae as a probe, four bands (5.9, 4.5, 2.9, and 0.7 kb) were detected [16] . Since only 2.9-kb bands were detected in both cases, it is suggested that cross-hybridization between chitin synthase genes of di¡erent class were rare in these cases. After screening of the genomic DNA library of this strain in V2001 [22] probed with the CHS3 fragment, several positive clones were obtained. From one of these clones, a 8.2-kb HindIII fragment which hybridized to CHS3 was subcloned from the phage clone into pUC119 (Fig. 2A) . The hybridizing region was narrowed to a 2.4-kb PstIX baI fragment by low stringency Southern analysis using CHS3 as a probe (Fig. 2A) . A 4449-bp region ( Fig. 2A) containing this 2.4-kb fragment was sequenced on both strands (Fig. 2B ). An open reading frame (ORF) was deduced by using the predicted amino acid sequence information of class IV chitin synthases, the consensus sequences of introns in Rhizopus species (GTAa...uYTnAy...yAG) [23] , and a partial cDNA sequence (Fig. 2B) . The deduced ORF could encode a polypeptide of 1112 amino acids with a molecular mass of 126.4 kDa. The deduced amino acid sequence showed notable similarities to the class IV chitin synthases with highest similarity to that of N. crassa (46.7% identity over 1087 amino acids). All the residues of two highly conserved domains, implicated as a possible catalytic site, were completely conserved (Fig. 2B) [24] . We designated the cloned gene chs3. Comparison of deduced amino acid sequences among conserved regions of chitin synthases of R. oligosporus are shown in Fig. 2C . The central region of the amino acid sequence (792^935 of chs3) is highly conserved. Southern blot analysis of HindIII-digested total DNA of R. oligosporus IFO8631 was done under low and high stringent hybridization conditions using chs3 as a probe. Only one band of 8.2 kb which corresponds to the size of HindIII-digested fragment of chs3 was detected under stringent condition (Fig.  3, lane 1) while two strongly hybridizing bands of 8.2 and 1.2 kb and several weakly hybridizing bands were observed under low stringent condition (Fig.  3, lane 2 ) Only one band of 5.0 kb was observed when Southern blot analysis of EcoRI-digested total DNA was done under high stringent hybridization condition using the same probe (data not shown). Thus, it is concluded that one copy of chs3 is present in the genome of R. oligosporus.
The phylogenetic relationship to other chitin synthases was analyzed by making phylogenetic trees by using a partial sequence (Fig. 4A ) or total sequence (Fig. 4B ) of the class IV chitin synthases available at a database and publications. Similar trees were drawn in both cases (Fig. 4A,B) . In Fig. 4A , sequences of the class V chitin synthases were used as outgroups. Chs3 of R. oligosporus can be classi¢ed into the class IV chitin synthases (Fig. 4A) . Interestingly, Chs3 of R. oligosporus shows relatively low similarity to other class IV chitin synthases (Fig. 4A,B) . This di¡erence might re£ect functional di¡erences of this chitin synthase or/and evolutionary distance of this organism from the others.
Expression of the chs3 gene
We examined the expression pattern of the chs3 gene during the asexual life cycle by Northern analysis. Because the class IV chitin synthases thus far analyzed show lower similarity at their N-terminal regions, we used the 1.4-kb PstI^SphI fragment ( Fig. 2A) , which is predicted to encode the N-terminal region of R. oligosporus Chs3, as a probe for Northern analysis to decrease the possibility of cross hybridization with the homologs of chs3 in R. oligosporus. R. oligosporus does not make spores in liquid media for at least 32 h, but starts to sporulate on Fig. 4 . Phylogenetic position of R. oligosporus Chs3. Phylogenetic trees were made by the neighbor-joining method included in the CLUSTAL V program [25] using partial, 816^931 of R. oligosporus Chs3 and corresponding regions of other chitin synthases, (A) or total (B) amino acid sequences of chitin synthases available at DDBJ and publications. Chs3, S. cerevisiae Chs3; CaChs3, Candida albicans Chs3; MgChs4, Magnaporthe grisea Chs4; NcChs4, Neurospora crassa Chs4; AnChsD, A. nidulans ChsD ; AfChsF, Aspergillus fumigatus ChsF ; PvChsC, Phialophora verrucosa ChsC; FpChs3, Fonsecaea pedrosoi Chs3; RoChs3, R. oligosporus Chs3; AnCsmA, A. nidulans CsmA; AfChsE, A. fumigatus ChsE. The accession numbers of the sequences are: Chs3, X57300; CaChs3, D13454 ; MgChs4, X96416; NcChs4, U25097 ; AnChsD, D83246 ; PvChsC, L37687; FpChs3, U34885 ; RoChs3, AB004547; AfChsE, Y09542. The sequences of AfChsF [6] and AnCsmA [12] were obtained from published papers. Fig. 3 . Southern hybridization analysis of chs3 of R. oligosporus under high (A) and low (B) stringent conditions. Total DNA of R. oligosporus IFO8631 was digested with HindIII, electrophoresed, and transferred to Hybond-N membranes. The membranes were probed with PCR product of chs3 (see Section 2).
solid media in 24 h [16] . Therefore, we prepared RNA from hyphae (Fig. 5, lanes 1 and 2) from liquid cultures and from the spore-forming stage (Fig. 5 , lanes 3^5) from solid cultures. Di¡erential expression of the chs3 signal (4-kb) was observed with the strongest signal in the early stages of spore formation (Fig. 5, lane 3) . This expression pattern is di¡erent from that of the class II chitin synthase genes (chs1 and chs2) of this fungus, in which preferential expression in hyphal growth was observed by similar analysis [16] . Thus, Chs3 and two other chitin synthases may function at di¡erent stages in development. Because a class IV chitin synthase is involved in asexual spore formation in A. nidulans [9] , there is a possibility that function of the class IV chitin synthases are at least in part conserved between R. oligosporus and A. nidulans. Clarifying this possibility will be important in elucidating conserved and speci¢c roles of fungal chitin synthases in the life cycle.
Functional analysis of the chitin synthases, especially those of classes II and IV in zygomycete fungi using molecular genetic approaches will help elucidation of the mechanism of cell wall formation and the speci¢c roles of chitin synthases in the life cycles of the fungi. 
